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ABSTRACT

Sockeye is a 1-D MOOSE-based application for modeling heat pipes. Sockeye is aimed
at modeling heat pipes with annular wick and contains two-phase fluid property packages for
sodium and potassium working fluids. Sockeye adapts the two-phase flow model from RELAP-7
to the simulation of heat pipes, by accounting for the capillary pressure in pressure relaxation
terms. Additionally, a simple, aggregate heat transfer model exists for transitioning from tem-
peratures below the melting temperature of the working fluid. Results are presented for an
example test problem, and some future work is discussed.



1 Introduction

Sockeye is a 1-D heat pipe modeling tool based on the MOOSE framework[I] currently under
development. Sockeye leverages the two-phase flow model from RELAP-7[2]. Additionally, a model
is included to simulate heat transfer to the solid phase before the working fluid has melted. Figure
shows the assumed heat pipe configuration: an annular wick separates a liquid annulus from the
vapor core. Currently, Sockeye provides equations of state packages for sodium and potassium, but
it could be easily extended to other fluids. Finally, Sockeye incorporates a 2-D finite element heat
structure to simulate transient heat conduction in the solid wall, as well as thermomechanics.
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Figure 1: Cross section of a heat pipe modeled with Sockeye

This report is organized as follows: Section [2| describes the models used by Sockeye, including
the flow equations and the aggregate melting model, Section [3] shows some results obtained with
Sockeye, and Section [4] gives some conclusions and describes some planned future work.



2 Models

This section provides a summary of the models used in Sockeye. For a complete description on
these models, please refer to the Sockeye theory manual[3].

2.1 Two-Phase Flow Model

The equations of two-phase flow are based on the two-phase flow equations used in RELAP-7[2] but
are adapted to reflect an annular heat pipe configuration. The PDEs for phase &k include balance
equations for volume fraction, mass, momentum, and energy:
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Note that the volume fraction equation is needed only for one of the phases; the other is
eliminated with the constitutive relation ay + «,, = 1, bringing the total number of PDEs to seven.

The volume fraction equation source terms correspond to pressure relaxation and phase change.
The mass (continuity) equation source term corresponds to phase change. The momentum equation
source terms correspond to interfacial pressure forces due to volume fraction gradients, wall friction,
and gravity. The energy equation source terms correspond to pressure relaxation, wall friction,
gravity, wall heat transfer, interfacial heat transfer, and phase change.

These equations are discretized using a finite volume method, described in detail in the RELAP-
7 theory manual[2].

2.2 Aggregate Melting Model

When the temperature of the heat pipe working fluid is below its melting point, the working fluid
is in the solid state, and thus the two-phase flow equations described previously do not apply. The
melt transient inside a heat pipe is very complex; to simulate it from first principles would require
multi-dimensional three-phase flow capability, which is beyond the scope of Sockeye. Instead,
Sockeye provides a simple heat balance capability to perform aggregate heat transfer to the entire
working fluid. When the temperature of the entire mass reaches the operating temperature, the
two-phase flow simulation is activated.
During the melting phase, the following initial value problem is solved:

dh
ma = /q dA, h(0) = h(po, To) , (5)
o0



where m is the mass of the working fluid, A is the specific enthalpy of the mass, 0f2 is the boundary
of the mass, ¢ is the heat flux to the mass at a given spatial location, and h(p,T) is the specific
enthalpy of the mass (whatever phase it is in), as a function of pressure and temperature. The heat

flux can be modeled as
q=h(Tyan — T), (6)

where the heat transfer coefficient h can be supplied by a closure relation or a user-supplied function
along the length. When T'(h) > T, the melting phase ends, and the two-phase flow phase begins.



3 Results

This section shows an example of some Sockeye results. In this test problem, a heat pipe is subjected
to a linear power ramp to 1000 W and run until a steady state is detected. The end-of-ramp heat
flux profile is shown in Figure [2|
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Figure 2: Heat flux profile for example problem

Figure [3] shows the steady-state void fraction profile. Also shown on the figure are the base void
fraction (corresponding to a flat interface at the inner surface of the wick) and the upper and lower
bounds of the model, corresponding to the interface being fully hemispherical, inwards or outwards,
from the inner work surface. The void fraction’s relation to the flat void fraction determines the
capillary pressure that appears in the pressure relaxation terms.

Figure [4 shows the steady-state pressure profiles. The equilibrium pressures are governed by
the capillary pressure difference computed using the void fraction. One can see that the pressures
cross at the point where «,, crosses oy, o in Figure

Figure [f] shows the steady-state velocity profiles. The liquid velocity may appear to be zero but
is actually just a negative number with a small magnitude, due to the large differences in density
between the phases. The vapor velocity has the expected shape; it increases in the evaporator
region, is relatively constant in the adiabatic region, and then decreases in the condenser region.
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Figure 3: Computed volume fraction profile for example problem

Figure [6] shows the steady-state temperature profiles. Here, the nearly-isothermal operation
typical of heat pipes can be observed.

Figure [7] shows the temperature profile in the 2-D heat structure for this problem. Note that
the radius of the heat pipe is strethed by a factor of 100 for visualization purposes. The inner wall
of the heat pipe tube is on the bottom; the outer wall is on the top.
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Figure 4: Computed pressure profiles for example problem
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Figure 5: Computed velocity profiles for example problem
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Figure 6: Computed temperature profiles for example problem
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Figure 7: Temperature profile in 2-D heat structure
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4 Conclusions

The current Sockeye model is able to demonstrate some basic heat pipe physics but is still un-
dergoing model improvement. Sockeye results still need to be compared with experimental data.
A number of experiments have been proposed to provide data for Sockeye validation, and some
experimental data is already existent and obtainable.

A number of model improvements are planned, such as the development /refinement of closure
relations, including capillary pressure, friction/pressure loss, heat transfer coefficients, and mass
transfer rates. Additionally, plans exist to attempt to predict some of the operational limits of the
heat pipe, such as the boiling limit, capillary limit, etc. Other plans include the development of
practical means of switching between solid and fluid models.
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